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Abstract 
The feasibility of using a standalone down-flow hanging sponge (DHS) reactor to treat high 
organic strength soft drink wastewater was investigated by operation over 700 days. At the same 
time, the microbial compositions were characterized and related to reactor performance. 
Synthetic wastewater at a concentration of 3000 mg/L chemical oxygen demand (COD) was 
directly fed to two identical DHS reactors operated in parallel. The effluent from these two 
reactors was then combined and fed to a third DHS reactor identical as the first two in physical 
scale. The first two DHS reactors were operated with a hydraulic retention time (HRT) of 15.3 
hours and an organic loading rate of 4.9 kg COD/m3 sponge volume/day, and achieved > 90% 
organic matters removal efficiency. The third reactor consistently achieved a final effluent COD 
< 60 mg/L. It was observed that in the first two reactors, the organic matters removal efficiency 
could be correlated with parameters like effluent pH, volatile fatty acid (VFA) concentrations 
and biomass content. Lower organic removal efficiency was correlated with lower pH and higher 
VFA concentration in the effluent. Higher organic removal efficiency was correlated to less 
suspended solid (SS) in the effluent and higher biomass concentration retained in the reactor. 
Extracellular polymeric substance (EPS) produced by retained biomass could capture ammonia 
that was not used for microbial growth. Excessive EPS production was speculated as a cause that 
triggered biomass sloughing, which led to reduction in biomass in the reactor and decreases in 
organic removal efficiency. In addition, the removal capacity at different parts of the reactor was 
different, and > 60% of organic and nitrogen species contents were removed at the upper part of 
the reactor.  
The microbial community analyses together with redundancy analysis revealed that the 
community structures could be distinguished based on the locations of individual sponges taken 
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along the reactor. Also, microbial community structures were continuously shifted during the 
entire operation period and a feeding accident influenced the community structures significantly. 
In general, at the end of the operation period, OTUs in phylum Proteobacteria were more 
abundant in the reactor with good organic removal efficiency (>90%) than that with poor 
efficiency (<50%). In contract, OTUs related to Bacteroidetes was observed to be more abundant 
in the reactor with poor organic removal efficiency. OTUs closely related to Tolumonas auensis, 
and Rivicola pingtungensis had higher abundance in the upper part communities than middle and 
lower part of the reactor with good organic removal efficiency and these OTUs were likely 
targeting the major components in the feeding substrate. In addition, the lower abundance of 
these OTUs in the upper part of the reactor with poor organic removal efficiency than that with 
good efficiency might also indicate the importance of these OTUs in treating the soft drink 
wastewater tested in this study.  
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CHAPTER 1 INTRODUCTION 
On average, an American consumed approximately 200L soft drinks in 2001, and the soft 
drink industry used more than 12 billion gallons of water to produce soft drink products1. In fact, 
the wastewater produced during the soft drinks production takes up 70% of the total water input, 
and this type of wastewater typically has a chemical oxygen demand (COD) of 1200-8000 mg/L 
with soluble and easily biodegradable carbohydrates as the main component2. Thus wastes 
produced still need to be treated properly in order to prevent high organic pollution3. 
Biological treatment approaches are often applied in treating soft drinks wastewater due 
to the high organic content feature. Among all the approaches, aerobic processes are less 
favorable since it cannot perform well under high organic strength1. For example, one aerobic 
process was used to treat high organic strength (1.8 kg COD/day∙m3) soft drink wastewater, and 
could only achieve around 65% organic removal efficiency4. Hamoda et al. used an aerobic 
trickling process and achieved 70% COD removal or 95% of biodegradable oxygen demand 
removal with low strength sugar wastewater (~300 mg/L COD)5. In contrast, anaerobic processes 
have been intensively studied and applied in treating high organic strength wastewater, primarily 
because of the characteristics like low cost, high organic loading tolerance and reasonable 
treatment efficiency (around 70% to 80% COD removal)3. Among all the anaerobic treatment 
processes, the anaerobic sludge blanket reactor (UASB) process are most favorable since it can 
be operated under higher organic loading conditions (4-12 kg COD/ day∙m3) than the other types 
like anaerobic contactor, anaerobic filter and anaerobic fluidized bed reactor (0.5-9 kg COD/ 
day∙m3 )6. A UASB reactor treating soft drink wastewater could achieve a higher organic loading 
(16.5 kg COD/ day∙m3)3. However, the treated effluent from anaerobic processes still cannot be 
discharged into natural water body as these processes only can remove around 80% of organic 
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contents. Lately, the membrane biological reactor has been used to treat beverage wastewater. 
Marin et al. found that anaerobic membrane bioreactor achieved 94% COD removal in treating 
the soft drink wastewater with a COD of 730 mg/L at an HRT of 8 hours7. Similarly, another 
thermophilic anaerobic membrane bioreactor achieved 96% COD removal in treating high 
strength soft drink wastewater with low biomass solids yields8. However, there are drawbacks to 
this technology including regular membrane regeneration, high energy input, and limited 
biomass7.  
So far, anaerobic processes are still a better choice in treating high strength organic waste 
in relatively large-scale application with low cost. Also studies have been conducted to refine the 
effluent quality by simply adding aerobic processes as the post-treatments for the removing 
organic contents in the effluent from anaerobic processes1. Since it is costly to add conventional 
aerobic processes as a post-treatment, simple technology like tricking filter is more attractive 
than aerated processes in achieving this task1. In 1997, an improved aerobic post-treatment 
technology or so-called down-flow hanging sponge (DHS) reactor, was developed9. This 
technology had the similar working principle as the trickling filter by replacing stone as the 
supporting media with polymeric sponges9,10. The performance of DHS has been actively tested. 
By integrating the anaerobic hybrid reactor followed by a DHS system, 96% of COD and 97% 
TSS (Total suspended solid) could be removed from tomato treatment industrial wastewater11. 
The combination of UASB and DHS was further reported to remove 95% of COD in municipal 
wastewater12. In general, the combination of anaerobic processes and DHS rectors was reported 
to achieve at least 90% organic removal in most studies13-15. 
DHS can provide several advantages in treating wastewater. Firstly, since the sponge is in 
direct contact with air, no external aeration is required16,17. The oxygen in the air will diffuse into 
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the sponges and support the growth of aerobes. Secondly, due to the thickness of the sponges and 
the biomass inside a sponge, oxygen may not be able to diffuse into the inner part of a sponge, 
where anoxic or anaerobic regions can be created to support the growth of anaerobic microbes 
like denitrifiers18. In addition, with a porous structure the sponge can provide more void space 
for biomass growth and maximize the amount of biomass that can attach in the reactor. This 
further increases the solid retention time (SRT), and produces less wasted sludge than traditional 
activated sludge process19. Lastly, the cost for DHS operation and maintenance is low17. In 
conclusion, it is promising to use DHS reactor to polish the effluent quality after discharged from 
an upstream anaerobic process.  
Different types of DHS reactor configurations have been developed in the past 20 years 
to treat different types of wastewater and meet treatment requirements. The first generation DHS 
was to simply hang the cube-shaped sponges which were arranged diagonally and freely in the 
air10. To improve its application to full scale treatments, the second generation DHS reactor 
adapted tube-shaped sponges with similar arrangement methods as the first generation13. The 
third generation DHS reactor randomly packed small sponges covered with plastic meshes. The 
randomly packing approach was continuously used after the third generations. Hatamoto et al. 
further used DHS to remove dissolved methane in the effluent from UASB20. Tawfik et al. 
optimized the occupancy of sponges in DHS reactor and used it to remove feacal coliform21. 
Different sponges shapes, arrangement types and various feeding conditions have also been 
developed and tested to improve the performance of DHS reactors in contaminant removal17. 
In last two decades, the DHS technology has been primarily used as a post-treatment 
system after anaerobic processes to degrade low strength wastewater. A few studies have further 
demonstrated that DHS could be used as a standalone technology to treat low strength 
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wastewater with satisfactory removal performance, including agricultural drainage water, high 
salinity ammonia enriched wastewater and coal refinery plant wastewater22-24. In these studies, 
the tested wastewater was low in organic strength with influent COD concentration from 100 to 
1000 mg/L. So far, no study has tested the possibilities of using the DHS as the standalone 
system to treat high strength wastewater yet.  
In this thesis, the long-term feasibility of applying DHS as a standalone system to treat 
soft drink wastewater, which was high in COD concentration up to approximately 3000 mg/L 
was evaluated. The performance was monitored based on parameters such as pH, COD, TOC 
(total organic carbon), SS (suspended solid), retained biomass concentration and nitrogen species 
concentration. Meanwhile, the biomass samples were taken at different heights of the DHS 
system and used for the microbial community analyses using high-throughput sequencing of 16S 
rRNA gene sequencing. These analyses were used to correlate process performance with 
microbial communities.  
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CHAPTER 2 EXPERIMENTAL PROCEDURES AND METHODOLOGY 
2.1 Synthetic soft drink process wastewater 
The synthetic wastewater was prepared according to the real wastewater produced from 
the soft drink plant. Detailed chemical composition listed in Table 1. The nitrogen and 
phosphorus contents were added to the synthetic wastewater to provide sufficient nutrient for 
microbial growth. Ammonium bicarbonate as the sole contributor to the nitrogen content and 
potassium phosphate dibasic as the sole contributor to the phosphorus content had a final 
concentration of 45 mg-N/L and 15 mg-P/L in the influent, respectively. Before the substrate 
were fed to the system, the media was autoclaved at 121℃ and 20 psi for 60 min. The pH of 
influent substrate was adjusted to approximately 8.5 to 9 via the addition of sodium hydroxide. 
To prevent media deterioration during the feeding, it was submerged in an ice bath to keep the 
media bottle around 4 ℃ during the feeding. Fructose, glucose and polyethylene glycol (PEG) 
were the three main organic substrate, and the influent had an approximately total organic 
concentration of 3000 mg/L COD or 1000 mg/L TOC.    
2.2 Experimental apparatus 
Figure 1 shows the configuration of DHS reactor used in this study. To perform duplicate 
experiment, two identical DHS rectors, column A and column B, were both fed with same 
substrate from the top at the same follow rate, which provided both reactors the identical 
operational conditions during the entire experiment. Each column had one chain of 30 identical 
polyurethane rectangle sponges (35mm*35mm*30mm) covered by polypropylene material mesh 
cover. The chain was placed in a plexiglass column (diameter: 14 cm; height: 145 cm) with two 
4-cm gaps for air floatation in between. After the start-up phase, an additional column named 
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column 2 was set up. This column had two single DHS chains that received effluent from 
column A and column B separately. 
2.3 Reactor operation  
The reactor operation was carried out for 700 days and was separated into 3 phases. The 
organic loading rate (OLR) was controlled by changing substrate flow rate. Considering the 
substrate flow rate, the reactor working volume, and the sponge volume, the hydraulic retention 
time (HRT) was calculated. The start-up phase lasted for 138 days and the feeding HRT was 
reduced from 24 hours to 16.5 hours. Before sponges placed in the reactors, they were first 
soaked with the activated sludge taken from a local wastewater treatment plant (Champaign, 
Illinois). After the organic removal efficiency reached > 90%, the reactor organic removal 
efficiency was evaluated with two different organic loading rates (OLR) in in phase I for 100 
days. During which, the HRT was further reduced to 13.5 hours with 1.2 ml/min feeding rate on 
day 185. Phase II started at day 285 and lasted for 415 days to evaluate the long-term operation 
feasibility of using DHS. In this phase, both reactors operated at an HRT of 15.3 hours (4.9 kg 
COD/m3 sponge volume/day as OLR) for 350 days after the organic removal efficiency 
recovered to > 90%. Detailed operational data was shown in Table. 2. Column 2 was set up using 
sponges without seed sludge on day 156, and the HRT was set at 24 hours during the entire 
operation period. No external aeration was provided during the operation, and all reactors were 
covered by black curtain to prevent the growth of algae from light explosion.  
2.4 Chemical and physical measurements 
Effluent water samples from all three columns were collected twice a week for different 
analyses.  They were first filtered through a 0.22 µm filter before chemical measurements. Then, 
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pH of each water sample was monitored by accumet® AB15 pH meter. For organic components, 
COD was measured by using the Hach® COD digestion vial and TOC was measured by using 
Shimadzu® TOC-V Analyzer. In addition, volatile fatty acid (VFA) components were quantified 
by using the Shimadzu® HPLC LC-20AT equipped with Hi-Plex H column from Agilent 
Technologies®. Inorganic nitrogen species components were tested once a week. Ammonia, 
nitrate, and nitrite concentrations were measured by using Hach® DR 4000 Method 8155, 8171 
and 8507, respectively.  
The suspended solid (SS) volatile suspended solid (VSS) concentrations in the effluent of 
column A and B, and in individual sponges collected at different height were measured using 
standard methods25. The biomass on sponges was collected by scrambling the surface biomass 
and by thoroughly squeezing biomass in a sponge out in distilled water until the water was clean.  
2.5 Biomass sampling 
Biomass in sponges were sampled at different heights along the reactor on days 476, 571, 
and 666. On day 476, the biomass was taken at three different heights (sponge # 5, 15, and 25 
from the top) from the columns A and B reactor. On day 571 when a major sloughing happened 
in column A, the biomass was sampled again from sponge # 5, 15, and 25.  On day 602, 
inorganic compounds were mistakenly not added into substrate and this led to a decrease in 
reactor performance. On day 666, samples were taken from sponge # 5, 10, 15, 20, and 25 after 
the DHS performance recovered back from the feeding accident. Detailed sampling positions of 
sponges was shown in Figure 1. After sampling, the biomass was mixed with 1×phosphate 
buffered saline (PBS) before centrifuged (10,000 rpm, 4 min), then it stored in -80℃ for further 
analysis. 
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2.6 DNA extraction, polymerase chain reaction, and Miseq analysis 
The genomic DNA of biomass taken was extracted by using the FastDNA SPIN Kit for 
soil (MP Biomedicals, Carlsbad, CA, USA), which followed by PCR to amplify the 16S rRNA 
gene by using U515F forward and U909R reverse primer set26. For the PCR process, the reaction 
volume was set to 25 µl and Bullseye standard Taq DNA polymerase 2.0 master mix (MIDSCI, 
St. Louis, MO, USA) was used. Wizard SV Gel and PCR Clean-Up System (Promega, Fichburg, 
WI, USA) was used to purify the PCR products and the Qubit 2.0 Fluorometer was used to 
measure the DNA concentrations. The sequencing was performed using Illumia Miseq Bulk 
2×300nt paired-end system at the Roy J. Carver Biotechnology Center at University of Illinois at 
Urbana-Champaign (IL, USA). 
For sequencing analysis, the Mothur pipeline was first used to assemble the sequence to a 
length of approximately 375 bp, screen and trim the raw sequences by setting 20 as the quality 
score27. The sequences were further analyzed using QIIME 1.8.0 28 to pick OTU (Operational 
taxonomic unit) by using open-reference strategy at 97% identity cut-off against the Greengenes 
database by using UCLAST algorithm29. Most abundant sequences used to represent each OTU 
and were aligned by using PyNAST30.  The chimeric sequences were removed by 
ChimeraSlayer31. After assigning taxonomy to each OTU by BLAST, the relative abundance of 
each OTU, alpha diversity (Chao.1, observed OTUs and good coverage indexes) and beta 
diversity (weighted Unifrac) were calculated by QIIME. ARB software was used in identifying 
the closest relatives32.  
2.7 Statistical methods 
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Spearman correlation test was performed in R. LEfSe33 analysis was performed by an 
online tool (http://huttenhower.sph.harvard.edu/galaxy/). An alpha value of 0.05 was set for both 
factorial Kruskal-Wallis test and pairwise Wilcoxon test. A threshold of 3.5 was set for the LDA 
(linear discriminant analysis) score for discriminative features when using this tool. The input 
data was the relative abundance of microbial communities from column A and column B on day 
457. Redundancy analysis (RDA) was performed using CANOCO v.4.5 software 
(Microcomputer Power, Ithaca, NY)  
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CHAPTER 3 RESULTS 
3.1 Reactor operation and organic matters removal performance 
The organic removal efficiency of all columns throughout the operation is showed in 
Figure 2. During the start-up phase, the HRT was gradually decreased from 24 hours to 16.5 
hour, and the TOC removal efficiency gradually increased to >90% at day 100.  In phase I, the 
HRT was set at 16.5 hours for 45 days and reduced to 13.5 hours with the organic loading rate 
increased from 4.5 kg COD/m3 to 5.3 kg COD/m3.  This change led to a drop in the TOC 
removal efficiency from > 90% to < 50%, and back to > 90% after 50 days. In phase II, the 
reactor performance was evaluated for more than 350 days with the HRT and OLR set at 15.3 
hours and 4.9 kg COD/m3 respectively. Figure 3 shows the TOC removal efficiency and effluent 
pH of columns A and B. On day 410, the TOC removal efficiency in column A dropped to < 70% 
after a small amount of biomass was detached from the sponges and fell to the bottom of the 
reactor. 20 days after the sloughing, the removal efficiency recovered to > 80%. This 
phenomenon was similar to the sloughing problem that was often observed in membrane 
bioreactors operations34,35. Biomass sloughing was also observed on day 525 in column A and 
day 400 in column B.  In both cases, the TOC removal efficiency recovered to > 80% after 2 
weeks. A major sloughing was observed in column A on day 571. Almost all the biomass on the 
surface of sponges #1 to #8 was detached and fell to the bottom of the reactor, and this resulted 
in a decrease in the TOC removal efficiency to < 60%.  It took a longer time for TOC removal 
efficiency to recover. Also around day 500, the tubing used to feed substrate to column B was 
clogged frequently and this has also contributed to the decrease in TOC removal efficiency.  The 
efficiency went back to > 80% after the feeding became steady.  It should be noted that on day 
602, an accident related to the feeding substrate happened. Due to a mistake in medium 
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preparation, the inorganic components (ammonium and phosphorus) were not added to the 
substrate, and this significantly affected TOC removal efficiency in both columns. It took more 
than 40 days for the efficiency recovered back to > 80% for column A and even longer time for 
column B.  
The average TOC removal efficiencies for column A and column B during phase II (HRT 
=15.3 hours) were 82.4±14% and 78.4±17% respectively. The organic removal performance 
between the two reactors was further evaluated. Based on the Shapiro-Wilk36 tests, the 
distribution of TOC removal efficiency in both reactors did not follow a normal distribution, 
which suggested non-parametric test methods should be used. The Wilcoxon and Kruskal Wallis 
tests37,38 further showed that these two data sets could be considered as similar to each other.   
Despite of the fluctuation in TOC removal efficiency in columns A and B, column 2 was 
able to consistently achieve an efficiency at 98% from day 300 with an effluent TOC 
consistently around or below 15 mg COD/L. In addition, microbial growth and biomass 
production were mainly observed on the upper part of column 2, leaving spare sponges in the 
middle and lower parts for more biomass growth to withstand higher organic loading. 
3.2 The correlation between organic removal efficiency and the effluent pH value 
To verify the correlation between TOC removal efficiency and effluent pH, Spearman 
correlation test39,40 was performed separately based on the data obtained from column A and 
column B. Figure 3a and 3b show that the calculated p-value for both correlation tests were < 
0.05 and the rho coefficient was 0.85 and 0.83 for column A and column B respectively, 
suggesting a positive correlation between the effluent pH and the organic removal efficiency.  
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To further investigate why pH could influence the TOC removal efficiency, VFA in the 
effluent were collected and measured at different levels of pH selected from both columns A and 
B. Acetate, propionate and butyrate as the three major VFA were detected in the effluent. The 
spearman correlation test was performed between the effluent pH and VFA concentrations (Fig. 
4).  As the p-value was < 0.05 and rho is -0.91, it indicated that a lower VFA concentration was 
correlated with a higher pH value. 
3.3 Removal efficiency of different nitrogen species  
After day 330, ammonia, nitrate and nitrite in the effluent of column A, B and 2 were 
measured once a week. After day 350, the effluent nitrate and nitrite concentrations in column A 
and B were around 0 mg/L and 1 mg/L respectively, and the consumption of ammonia by both 
columns was > 66%. In column 2, the ammonia concentration after day 350 was below the 
detection limit, and the nitrate and nitrite concentrations after day 420 were consistently 
fluctuated between 0-2 mg/L. The effluent nitrogen species removal efficiency in column A and 
B did not correlate with the TOC removal efficiency. 
To understand the possible metabolic pathways involved with the nitrogen species during 
the reactor operation, mass balance was performed between day 570 and day 585 in column B. 
The TOC removal efficiency of column B was consistently > 90%. During this period, 21.03 L 
of medium with an average COD of 3098 mg/L was fed into column B reactor, and the average 
effluent COD from column B was 301.3 mg/L. The average total nitrogen concentration in the 
influent and effluent was detected to be 42.81 mg-N/L and 5.31 mg-N/L respectively. Thus, 
58814.6 mg COD and 788.6 mg-N nitrogen were removed during the 16 days. The remaining 
nitrogen in the effluent represented 12.4% of the total nitrogen added.  The total SS and VSS 
collected from effluent during this period was 2.33 g and 2.18 g respectively. Assuming the 
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empirical biomass formula as C5H7O2N 41, total nitrogen could account for 193.5 mg-N in the 
VSS or 29.9% of total nitrogen added. As the result, 57.7% of total nitrogen added could not be 
accounted for.  
3.5 The correlation between solid content and TOC removal efficiency 
At day 666, the biomass concentration or SS retained in sponges #5, 10, 15, 20, and 25 
from column A and column B were measured. The average SS content attached on those five 
sponges was 1721.6 mg/sponge for column A and 1068.2 mg/sponge for column B, which 
corresponded to 10329.6 mg of total SS in column A and 6409.2 mg of total SS in column B. 
The average VSS/SS ratio was > 0.9, and this gave the average retained biomass on column A 
was 46.8 mg-VSS/L-sponge. The effluent SS for column A and column B was 36.8 mg/L and 
140.9 mg/L respectively.  Based on the total biomass in the reactor and effluent SS concentration, 
the SRT was estimated to be 280 days for column A and 46 days for column B. The retained 
biomass concentration and SRT were positively correlated with organic removal efficiency. The 
Spearman correlation test (p-value<0.5 rho: -0.65) indicated that a high effluent SS concentration 
correlated with a low TOC removal efficiency (Fig. 5).    
3.6 Reactor performance along the height of DHS 
Figure 6 shows the TOC, retained biomass, nitrogen species content in sponges #5, 10, 15, 
20, and 25 on both columns A and B on day 666. The vertical profiles of TOC, ammonia and 
retained biomass concentrations were similar. More than 50% of TOC in the influent was 
consumed by the first 5 sponges and 30% more by the remaining 25 sponges. The ammonia was 
only consumed at the upper parts of both reactors. The nitrite and nitrate concentrations were 
stable at < 2 mg-N/L in all sample taken from different heights of both columns. The sponges at 
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upper part of columns had higher biomass retained than at the middle and lower parts. In column 
A, the average biomass concentration was 1.89 mg SS/sponge and it gradually decreased from 
2.45 mg at sponge #10 to 1.10 mg at #25 after a slight increase from 2.31 mg at #5. In column B, 
the biomass retained averaged at 1.17 mg SS/sponge and decreased gradually from 1.37 mg 
SS/sponge at sponge #5 to 0.97 mg SS/sponge at #25.  
3.7 Microbial community analyses 
On average, 468,736 16S rRNA sequence reads were generated in each biomass sample 
after removing chimeric sequences. Based on a sequences identity cut-off at 97%, these 
sequences were classified into 37,021 OTUs. Chao1 index indicated that these samples could 
contain 2.4 to 4.5 folds more OTUs than observed OTUs, and the high goods coverage (average 
more than 94%) suggested that the obtained OTUs data was sufficient to evaluate the microbial 
diversity in all samples. Table 3 shows that the communities at lower part had highest diversity 
and communities at the upper part had the least diversity, except day 476 samples from column 
B. After major sloughing, the diversity on column A was decreased. 
 The PCoA plots (Fig. 7) based on weighted Unifrac was used to compare the microbial 
community structures of samples with different classifications. In general, the samples taken 
from reactors were distinct from that from effluent SS. And the effluent samples taken at < 50% 
TOC removal efficiency were different from that taken at > 80%. Specifically, Proteobacteria 
was the most dominant phyla (> 80% relative abundance) before the TOC removal efficiency 
dropped < 50% at which Bacteriodetes, Proteobacteria and Frimicutes became three major 
phyla shared similar abundance in the community. The microbial community structures between 
day 666 and day 476 were distinct, while the samples taken after sloughing on day 571 were not 
able to be differentiated with that on day 476. The accident associated with inorganic substrate 
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preparation clustered all samples to two groups. Microbial community structures of some 
samples taken from the upper parts were clustered with some taken from the middle parts or 
lower parts. The factors like operation days, locations of the sampling on the reactor and the 
feeding accident were significantly changed the microbial community (p-value < 0.05), while the 
major sloughing happened on column A had limited effects on the microbial community 
structures (p-value > 0.05).  
Figure 8 indicated that Bacteroidetes, Proteobacteria, Firmicutes and Spirochaetes were 
the four major phyla found in all samples taken in the reactor. The relative abundance of 
Bacteroidetes and Actinobacteria decreased along with the column height from top to bottom, 
and, in contrast, the relative abundance of Chlorobi increased. LEfSe analysis (Fig. 9) 
statistically identified the signature microbial populations that driving the community differences 
between samples. The family Enterobacteriaceae and the order Actinomycetales were unique to 
the communities at the upper part, and Chlorobi, Cyanobacteria and NKB19 were unique to the 
communities at the lower part. Specifically, OTU187408 (100% identity as Raoultella 
ornithinolytica, KU936834.1) from the family Enterobacteriaceae had higher abundance in the 
upper part than the other parts in all samples collected on different operation days. OTU136716 
(100% identity as Rhodococcus erythropolis, KU726270.1) from the order Actinomycetales also 
showed higher abundance in the upper part samples taken from column A.  
The RDA analysis (Fig. 10) was used to determine factors driving the spatial microbial 
community differences along the height of reactor on day 666. The height of the reactor could 
significantly (p-value: <0.05) distinguish the microbial community in columns A and B. In 
column A, the height of the column had a significantly (P-value < 0.05) negative correlation with 
the concentration of retained biomass, which also could be used to significantly differentiate the 
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different microbial community. Same RDA (Fig. 11) also indicated that, in column A on day 666 
(93% TOC removal efficiency), 5 out of 7 major OTUs (with at least one sample had relative 
abundance higher than 5%) could be used to differentiate the upper part communities from the 
others and these OTUs had higher abundance in upper part community than that in middle and 
lower parts of the reactor. While, in column B with 48% TOC removal efficiency, only 2 out of 8 
major OTUs had similar feature. 
The Venn diagrams (Fig. 12) shows the percentages of the observed OTUs shared by 
different parts of the same column on same day with accumulated abundance of the OTUs shared 
in three parts of the reactor. Specifically, on day 476, 427 OTUs were shared by different parts of 
column A, which accounted for 6.6% of total OTUs observed in column A and took up average 
76.7% sequences in each sample. The values for column B were 6% and 79.6%, respectively. 
The major sloughing in column A decreased the total observed OTUs and increased the 
percentage shared in entire column to 9%. On day 666, this percentage decreased to 6% in 
column A after efficiency recovered from the feeding accident while average relative abundance 
taken up by these shared OTUs increased to 86.3% from 76.7%. The efficiency of column B has 
not recovered from the accident, and the OTUs shared by samples from different heights slightly 
increased to 6.8% comparing with that on day 476. In addition, the shared OTUs in upper parts 
had the highest abundance comparing to the middle and lower parts of the reactor. 
A heat map (Fig. 13) was generated for major OTUs (relative abundance > 1% in at least 
one sample) shared by all samples collected at the upper part of both columns. In column A, 
OTU62131, OTU49038 and OTU180470 increased after sloughing, while OTU40306, 
OTU18898 and OTU49038 were increasing after column A recovered back from feeding 
accident. The total abundance of major OTUs related to Proteobacteria on day 666 was 24.0% 
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which was higher than other upper part samples, while the number for Bacteriodetes was 23.7% 
which was the lowest among all. In column B, OTU144240, OTU89277 and some other OTUs 
related to Bacteroidetes and Firmicutes became more abundant after the organic removal 
efficiency deteriorated by the feeding accident. On day 666, the total abundance of the major 
OTUs related Proteobacteria was the lowest (13.2%) among all, while it was high (39.1%) for 
Bacteriodetes. The UPGMA tree shows the upper parts’ communities in both columns on day 
666 were different from the others, and the pre-sloughing community structure in column A was 
clustered with that after sloughing, which was accord with the observation from PCoA.  
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CHAPTER 4 DISCUSSION 
4.1 The feasibility of using standalone DHS system in treating high strength wastewater 
So far, DHS has never been used as a standalone reactor to treat similar high strength 
wastewater. This study demonstrated that the standalone DHS system could achieve > 90% 
organic removal in treating soft drink wastewater at a concentration of 3000 mg/L COD at an 
HRT of 15.3 hours. Apart from sloughing and sudden changes in the feeding, the organic 
removal efficiency could maintain at > 80% in column A and B. Adding a second DHS in series 
could consistently achieve a final effluent COD < 60 mg/L (> 98% efficiency), independent to 
the fluctuation of removal efficiency in the first DHS reactors.  
4.2 Related operational parameters correlated with the TOC removal efficiency 
Our results indicate that correlations between TOC removal efficiency and effluent pH, 
SS, and retained biomass (Fig. 4) were critical to the operation of this standalone DHS reactor. 
The excessive VFA in the effluent was the reason that decreased the effluent pH as well as the 
TOC removal efficiency of the reactor. Increase in both retained biomass in a sponge and EPS on 
sponge surface could facilitate biomass sloughing and reduce total biomass in the DHS column 
to consume organic substrate. Thus, the TOC removal efficiency could decrease.  
Without keeping the feeding substrate in low temperature, the pH of the influent could 
drop during the feeding. The possible reason was that the substrate could be contaminated and 
VFA would accumulated through fermentation. Even through no direct evidence indicated this 
phenomenon had negative effects on the organic removal ability, maintaining a stable feeding 
condition could be important in achieving stable reactor performance. The organic removal 
efficiency could only achieve > 90% when effluent pH was > 8, and our study indicated 
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maintaining influent pH at 8.5 to 9 should be sufficient. In addition, organic substrates like 
sugars and fructose could be fermented to VFA by anaerobes inside the sponge. The excessive 
production and accumulation of VFA produced could lead to a decrease in pH in the downstream 
sponges and the effluent. The pH drop likely could affect the growth of neutrophilic microbes 
and the overall TOC removal efficiency.  
The effluent SS could all be assumed as the slough detached from the reactor since no SS 
content was in the feeding. Less slough lost from the reactor resulted in higher retained biomass 
concentration in the reactor, and a higher TOC removal efficiency could be expected. The long 
SRT was contributed by both high retained biomass and low effluent SS. The retained biomass 
concentration, SRT and VSS/SS ratio recorded in this study were higher than most of other 
published DHS researches15,17,18,42, while the biomass yield during the stable efficiency period as 
was relatively smaller. The diagonal arrangement of sponges in this reactor resulted in smaller 
scale of the working volume in terms of the volume of sponges. In addition to the high organic 
strength feeding, the organic loading on each sponge was high, which resulted in abundant 
carbon and nutrients source for the extensive growth of microbes. Featured with high retained 
biomass in the reactor, this standalone DHS reactor had the potential to treat high strength 
wastewater. Therefore, keeping the high retained biomass concentration in the reactor is critical 
to maintain the high organic removal efficiency.  
4.3 Microbial population community dynamic during operation 
The microbial communities at different heights of the reactor were significantly distinct 
to each other. The upper part sponges received identical substrates including glucose, fructose 
and PEG during the entire operation, which could specialize the upper part microbial 
functionalities as well as the community structures. The middle and lower part communities were 
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fed with the effluent of upper part, containing less defined substrates but more undefined 
metabolites produced in upper part communities. The increasingly complex and diverse 
substrates along the reactor height gave rise to elevated alpha diversity from top to bottom and 
differentiated the community at different heights accordingly. Despite of the differences between 
communities in the reactor, the ubiquitously observed OTUs featured with rich abundance 
indicated that they could be responsible for the major functionalities for this DHS system. For 
example, OTU157482 (97% identity as Chryseobacterium hominis, NR_042517.2), which can 
aerobically oxidize the glucose and PEG43, was commonly detected in both column A and B. 
OTU187408, which clustered with Klebsiella oxytoca (Fig. A7) was reported using citrate and 
glucose as the sole carbon source in acid fermentation.  
The duration of the operation and the feeding accident also significantly altered the 
structures of the communities. However, as the feeding accident happened in the middle of the 
sampling days, it would be difficult to evaluate which was the most significant factor. The 
sloughing had minor effects on the microbial community, which indicated the decrease of 
retained biomass in the reactor rather than a changing microbial community caused by sloughing, 
which was the reason for a low organic removal efficiency. 
The accumulation of VFA was likely contributed by fermentation. Bacteroidetes was 
identified as the most abundant phylum in each sample taken from the reactors, and it was 
reported that this phylum contained many strictly anaerobic microbes that could be responsible 
for the VFA production through fermentation22. Specifically, on day 666, higher relative 
abundance of OTUs (OTU17488, 89275) related to Solitalea sp. and  Ruminobacillus sp. was 
observed with < 50% TOC removal efficiency, and these genus were reported to ferment  
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glucose in anaerobic condition to fatty acid44. The fatty acid accumulation through these 
anaerobes could also indicate the undesirable oxygen condition inside the reactor.  
On the country, the relative abundance of Proteobacteria and Frimcutes were higher in 
the samples taken at a high TOC removal efficiency on day 666. Some aerobes in phylum 
Proteobacteria were found dominant in VFA enriched environment in consuming VFA, and 
members related to Bacillus sp. in phylum Frimcutes had the ability to remove the VFA 
content45-47. In this study, the proliferation of OTU49038 identified as Tolumonas auensis (99% 
identity, NR_074805.1) and OTU146451 identified as Rivicola pingtungensis (99% identity, 
NR_133846.1) were highly observed in upper part of column A on day 666. T. auensis was 
reported to possibly catabolize the D-glucose and D-fructose under both anoxic and aerobic 
conditions48, and R. pingtungensis was reported to assimilate glucose and use various short chain 
fatty acids as carbon source49. The observations above suggested that the enhancement of 
Proteobacteria, especially T. auensis and R. pingtungensis could reduce the VFA produced by 
anaerobes and elevate the effluent pH as well as organic removal efficiency.  
In sloughed biomass, lower abundance in Bacteriodetes and higher abundance in 
Proteobacteria were correlated with higher TOC removal efficiency. The relative abundance of 
OTUs related to T. auensis and R. pingtungensis (OTU49038 and OTU146451) was about 20 
times higher in the samples with < 50% efficiency than that with >80% efficiency. Losing these 
microbial biomass from the reactor could result in a decrease in organic removal.  
4.4 Nitrogen species consumed in the reactor 
Typical AOB (ammonia oxidizing bacteria) and NOB (nitrate oxidizing bacteria) 
suggested by Chuang et al.18 in DHS reactor were investigated. No AOB (Nitrosomonas sp. 
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Nitrosococcus sp.) or NOB (Nitrospira sp.) was detected in any sample from both reactors on 
day 666. In addition, the nitrate concentration did not increase along the reactor with the 
deceasing of ammonia concentration. These observations suggested nitrification unlikely took 
place in this reactor. Other DHS studies reported that the long SRT and oxygen concentration 
gradients in the sponge enabled the growth of nitrifying bacteria in the middle or lower parts of 
the reactors, where the organic loading and food/microorganism ratio were lower than  in upper 
part17. However, in this study, the high strength influent resulted in much higher organic loading 
in all parts of the reactor than other DHS studies, which favored the heterotrophs in competing 
with the nitrifying bacteria50. By ruling out the possibility of nitrification and denitrification, the 
57.3% uncounted nitrogen species in the mass balance could be explained as follow. Firstly, it 
was reported that EPS carried negative surface charges, which could absorb ammonium42. 
Secondly, the inaccurate steady state assumption in the mass balance calculation underestimated 
nitrogen content used in biomass synthesis inside the reactor, since the biomass was never a 
constant value, and it was continuously increasing even though the TOC removal efficiency was 
stable. Lastly, the empirical microorganism’s formula used in calculation was C5H7O2N, which 
could underestimate the actual nitrogen content percentage in the biomass.   
4.5 Sloughing as the major problem to deteriorate reactor performance 
In this study, one major operation issue observed was biomass sloughing, which could 
lead to unstable organic removal performance. Sloughing is often observed in biofilm membrane 
bioreactors (MBR)35,51 rather than other DHS reactors studies. It was reported that extracellular 
polymeric substances (EPS) produced in MBR could accumulate on the membrane surface and 
could slough when in excess35. In this study, the formation of aerobic, anoxic and anaerobic 
zones caused by oxygen concentration gradients in the biomass on the sponges50 and the 
23 
 
microbial endogenous decay resulted in EPS accumulation at interfaces between different zones. 
Then, the substrate fed could not penetrate into the sponge52. Finally, the increasing hydraulic 
resistance could weaken the biomass attachment on the sponge surface, leading to the occurrence 
of sloughing53. 
Excessive biomass on the surface of the sponge is the trigger to the EPS accumulation.  
The diagonal sponges’ arrangement and the specific high strength soft drink wastewater used in 
this study could provide high organic loading with abundant carbon source and nutrition for 
biomass growth especially at the upper part of the reactor. Therefore, in addition to the effects 
caused by EPS, the increased weight of the biomass could not supported by the single sponge, 
and they could break apart from the sponge surface. In the random packing approach that was 
verified to be suitable in full-scale DHS reactor application25, the biomass growth was evenly 
distributed to multiple sponges at the same height and can minimize biomass to over grow.  
To achieve a stable organic removal in treating high strength wastewater, random 
packing approach should be applied rather than diagonal approach. In this way, the air supply 
could enhance the activity of aerobes in catabolizing sugars and VFAs as well as reduce the 
accumulation of EPS. If needed, a second stage DHS reactor could be added to provide 
consistent low-TOC effluent quality.   
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FIGURES AND TABLES 
Figure 1. The schematic diagram of the DHS reactors and sampling sites. 
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Figure 2. TOC removal efficiency over the entire operation period. 
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Figure 3. Phase II TOC removal efficiency change with effluent pH in RUN 2 for (a) column A 
and (b) column B. 
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Figure 4. Spearman correlation between A) TOC removal efficiency and effluent pH in column 
A; B) TOC removal efficiency and effluent pH in column B; C) effluent pH and VFA 
concentration. 
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Figure 5. Spearman correlation between TOC removal efficiency and effluent SS concentration. 
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Figure 6. Vertical profiles of related parameters: (a) TOC removal efficiency; (b) SS 
concentration in effluent; (c) Nitrogen species concentration in column A; (d) Nitrogen species 
concentration in column B. 
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Figure 7. PCoA plots based on weighted Unifrac with different classifications of all samples.  
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Figure 8. Box plot of the phylum distribution of all samples taken from column A and B reactors. 
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Figure 9. LEfSe results generated through online galaxy tool with 4 as the minimum LDA score. 
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Figure 10. RDA of all samples taken during the operation with factors that had effects on the 
microbial community structures. 
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Figure 11. Redundancy analysis for the samples collected from five position along the height of 
both (a) column A and (b) column B on day 666. The red arrows without dash indicate the 
explanatory variables can significantly (p < 0.05) differentiate the respond variables (biomass 
samples), while p-value is higher than 0.05 for variables pointed by the dashed arrows. OTUs 
pointed by black arrows had more than 5% relative abundance at least in one sample.  
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Figure 12. Venn diagram of samples collected from three parts (upper, middle and lower) of 
reactors with the accumulated abundance of the OTUs shared by all three parts. 
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Figure 13. Heat map together with UPGMA tree based on weighted Unifrac of the major upper 
part shared OTUs from column A on day 476, 571, 666 and column B on 476 and 666. 
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Figure 14. The phylum distributions in each sample, “SS” stands for biomass sample collected 
from effluent.  
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Figure 15. PCoA plot based on weighted Unifrac for all samples collected in both column A and 
column B on different day. The direction of the arrows indicates the three samples with different 
position (from upper part to middle part then to lower part of the column) in the same column on 
the same sampling day.  
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Figure 16. Phylogenetic tree of interested OTUs with their most abundant locations in different 
samples. The 16S rRNA tree was constructed based on using the neighbor-joining method 
implemented in the ARB program. 
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Table 1. The composition of the synthetic wastewater used as feeding in this study. 
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Table 2. The detailed operation related data. 
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Table 4. The alpha diversity indexes of each sample collected from both columns. 
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